Summary. It is unknown whether interleukin-1 exerts a bimodal effect on Beta-cell function in vivo, and whether interleukin-1 has a diabetogenic action in normal animals. We therefore studied: (a) acute effects 2 h after an intraperitoneal bolus injection of 4 gg of recombinant human interleukin-lflper kg body weight on blood glucose, plasma levels of insulin, glucagon and corticosterone in Wistar Kyoto rats, either untreated or pre-treated with 4 gg/kg of interleukin-1 daily for 3 or 5 days; (b) the cumulative effects of repetitive intraperitoneal injections of 4 gg/kg interleukin-1 on blood glucose, glucose tolerance, plasma levels of insulin, glucagon and corticosterone, pancreatic insulin content and pancreatic ultrastructure; and (c) blood glucose and plasma concentrations of insulin, glucagon and corticosterone 10 h after the last of five intraperitoneal injections of interleukin-1, at which time point the inhibitory effect of short-term interleukin-1 exposure on insulin secretion reaches its nadir in vitro. A single injection of 4 gg/kg of interleukin-1 caused a slight, but significant lowering of blood glucose 2 h after interleukin-1 injection with no significant changes in plasma insulin and in spite of increases in plasma glucagon and corticosterone. A lowering of blood glucose 2h after interleukin-1 administration was reproduced with 40, but not 0.4 gg/kg of interleukin-1, and was also seen in interleukin-1 pre-treated rats. Two hours after the fifth injection of interleukin-1, intraperitoneal glucose tolerance was impaired with elevated plasma insulin and corticosterone levels and increased pancreatic insulin content, indicating a state of insulin resistance. Blood glucose levels significantly increased time-dependently 4-10 h after the third and fifth injection of interleukin-1, and diabetic values (blood glucose > 11.0 mmol/1) were observed 6 and 10 h after the fifth injection of interleukin-1. Ten hours after the fifth injection of interleukin-1, diabetic blood glucose levels were observed together with a 50 % reduction in plasma insulin concentration. Ultrastructural examination showed no signs of Betacell lysis. In conclusion, interleukin-1 has bimodal effects on glucose homeostasis in vivo, a slight lowering of the blood glucose followed by impaired glucose tolerance and later by diabetic blood glucose levels. Two hours after the last of five daily injections of interleukin-1 impaired glucose tolerance is primarily caused by a state of insulin resistance, whereas diabetic blood glucose levels are associated with inhibition of insulin secretion. Thus, interleukin-1 causes a diabetic state in normal animals, but it remains to be demonstrated that administration of interleukin-1 to normal animals leads to permanent diabetes due to Beta-cell destruction.
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The cytokine interleukin-1 (IL-1) modulates insulin secretion from isolated islets in a time-and dose-dependent bimodal fashion, stimulation of Beta-cell function followed by inhibition [1, 2] . Interleukin-1 has also been shown to be preferentially Beta-cell cytotoxic in vitro and may be a major effector molecule in the pathogenesis of Type 1 (insulin-dependent) diabetes mellitus [1] . Chronic administration of IL-1 to animals with spontaneouslydeveloping Type i diabetes modifies the development of diabetes probably due to an immunomodulatory effect of IL-1 [3] [4] [5] . However, it is unknown whether IL-1 exerts a bimodal effect on Beta-cell function in vivo and whether IL-1 has a diabetogenic action in normal animals.
In vivo bolus administration of IL-1 or acute stimulation of endogenous IL-1 production have been reported to reduce the blood glucose (BG) concentration [6] [7] [8] [9] and to cause hyperinsulinaemia in normal animals [6, 7, [9] [10] [11] [12] . Furthermore, a single intraperitoneal (i.p.) injection of recombinant IL-lfl to normal rats produces a lowering of the BG during an i. p. glucose tolerance test (IPGT) performed 2 h after IL-1 injection [13] . In most studies the hypoglycaemic effect of IL-1 has been ascribed to the stimula-tion of insulin secretion by the cytokine, either by directly affecting the Beta cells [7, 9] or mediated by humoral signals from the central nervous system [10] . However, glucose disposal may also be affected by IL-1 in vivo [8, 11] .
Repeated injections of human rIL-lfl (rIL-lfl) in vivo inhibited glucose-stimulated insulin release from isolated islets [14] and the isolated perfused pancreas [15] and induced a transiently impaired glucose tolerance in normal rats [13] . These observations suggest that repeated exposure to rIL-lflmay inhibit Beta-cell function in vivo. However, plasma insulin levels were not determined in previous studies of long-term rIL-lfl administration. Thus, the aim of the present study was to test whether repeated injections of human rIL-lfl could induce insulinpoenic diabetes in normal rats.
Materials and methods

Animals
Inbred male Wistar Kyoto rats (200-240 g) (Mr Lille Skensved, Denmark), were housed under controlled conditions of light, humidity and temperature for 10 days before the experiments. Rats were randomized to i.p. injections of either rIL-1/3or vehicle in an identical volume which were administrated at 09.00 hours. Body temperature was measured before and 2 h after injection by means of a rectal thermometer (Medical Precision Thermometer, Ellab Dh 852, Copenhagen, Denmark). Only rats exhibiting a rectal temperature > 37.5 ~ after injection of rIL-lfl were included in the study [13] . The animals in the rIL-113group were given an excess (100 g) of standard rat chow (Altromin, Chr. Petersen A/S, Ringsted, Denmark) 7 h after injection. Rats in the control group were pair-fed with the group given 4 gg/kg body weight of rIL-113 in the following way: every morning the residual food was removed from the rIL-113 treated rats and weighed. An amount of food equal to the amount consumed by the rIL-113 treated rats during the preceding 24-h period was then offered to the control rats. Thus, the control rats were given 7.9 +0.03 g/100 g body weight (in experiment 3: 6.4 + 1.1 g/100 g body weight). Body weight was measured daily.
Preparation of rlL-l fl
Recombinant human IL-lfl (Batch C04) was expressed in Escherichia coli. It corresponded to the authentic 153 amino acid natural IL-113, exhibiting the correct N-terminal amino acid in position 117 (alanine) [16] . Recombinant IL-lfl was purified as described [16] , but using 34 btm Q HR Sepharose (Pharmacia-LKB, Stockholm Sweden) instead of FF-Q Sepharose, and omitting the final Sephadex G75 gel filtration. The protein concentration was determined using E = 0.60 (277 nm, 0.1%) [17] . The specific biological activity of rIL-lflwas 400 World Health Organisation U/ng as estimated by the mouse co-stimulatory thymocyte assay [18] . The physiochemical properties of rIL-113 were identical to natural IL-lfl [18] . Recombinant IL-lflwas diluted in sterile, endotoxin-free 0.9 % NaC1 containing 0.1% strain-identical rat serum. The volume injected ranged from 0.5 to 0.6 ml dependent upon the final concentration of rIL-113 as determined by an enzyme-linked immunosorbent assay technique (ELISA) [18] . Endotoxin was not detectable in the rIL-lfl solution or the vehicle by the Limulus amoebocyte test [19] .
Protocols
Experiment 1 was designed to study the effect of a single injection of rIL-lfl on B G and plasma insulin, glucagon and corticosterone concentrations, and to investigate putative changes in pancreatic weight, pancreatic insulin content, BG, and plasma concentrations of in-L. D. Wogensen et al.: Interleukin-lflmodifies Beta-cell function in normal rats sulin, glucagon and corticosterone during 5 days of treatment with rIL-lfl. The rats were treated daily at 09.00hours with rlL-lfl (4 gg/kg body weight) or vehicle. Rats were decapitated 2 h after 1,3 or 5 injections of rIL-lfl or vehicle, or before injection day 1, 24 h after the second injection (day 3 at 09.00 hours) or 24 h after the fourth injeciton (day 5 at 09.00 hours) (n = 10 in each group).
Experiment 2 was designed to test the effect of repeated injections of rIL-lflon an IPGT, evaluated by B G, pancreatic insulin content, and plasma concentrations of insulin, glucagon and corticosterone. The rats were injected with 4 gg/kg body weight of rIL-lfl at 09.00 hours on 5 consecutive days and were decapitated 30, 60, and 120 rain after an i.p. challenge with 0.2g D-glucose/100g body weight at 11.00 hours on day 5 (0.2 g D-glucose/ml) (n = 10 in each group). Blood glucose concentration was determined in all rats 15 rain after glucose administration. Only rats showing a BG level 3 SD higher than before the glucose injection were included in the statistical analysis.
Experiment3 was designed to study whether the effect on BG depended on time and rIL-lfl dose. The rats were injected with 0.4 (n = 10), 4.0 (n = 12) or 40 (n = 12) gg/kg body weight of rIL-lfl daily at 09.00 hours on 5 consecutive days. Control rats treated with vehicle were either pair-fed with the rats injected with 4 gg/kg body weight of rIL-113 (n = 8), or fed ad libitum (n = 8). Rats not treated at all (n = 8) were included as a control group. Blood glucose concentration was measured before and 2, 4, 6, and 10 h after injection on day 1, 3, and 5. Ten hours after the last injection on day 5 the rats were killed by decapitation.
Experiment 4 was performed to study the ultrastructure of the endocrine pancreas after injections with 4 gg/kg body weight of rIL-lflor vehicle daily at 09.00 hours on 5 consecutive days. On day 5 the rats were randomized for isolation of the pancreas and were anaesthetized by an i.p. injection of sodium pentobarbital (50 mg/kg) at 11.00 hours (n = 4 in each group).
In experiments 1-3, trunk blood was collected in tubes containing 50 g130 % EDTA and 125 btl aprotinin (20000 U/ml) and kept at 4~ until centrifugation (4000 rev/min, 10 min). The plasma was frozen ( -20 ~ for measurements of insulin, glucagon, and corticosterone concentrations. The pancreata were excised, weighed, snap-frozen in liquid nitrogen and stored for approximately one month at -20 ~ before extraction.
Hormone analysis in plasma
The plasma insulin concentration was measured by radioimmunoassay [20] using rat standards and anti-insulin serum M8170. The detection limit was 3 pmol/1. Inter-and intra-assay coefficients of variation were 15 % and 5 %, respectively. The plasma concentrations of corticosterone and glucagon were measured by commercially available RIA-methods (Novo-Nordisk A/S, Bagsv~erd, Denmark). Glucagon was extracted by ethanol precipitation [21] . The detection limit of the assay was 20-25 ng/1 and inter-and intra-assay coefficients of variation were 18.3 % and 11.6 %, respectively. The detection limit of the corticosterone assay was 25 ng/ml and inter-and intra-assay coefficients of variation were 7 % and 6.3 %, respectively. For BG determination 10 btl blood was drawn from a tail vein and was analysed by a Kobas MIRA automatic analyser using the dehydrogenase method.
Pancreas extraction
Extraction with phosphoric acid ethanol was performed as previously described [22] . The insulin concentration in pancreatic extracts was determined by ELISA [15] . Our working range was 2 pmol/1-1.0 nmol/1. The intra-assay coefficients of variation for three independent samples: 0.12 nmol/1 (n = 6), 0.23 nmol/l (n = 6) and 0.45 nmol/1 (n = 6) were: 0 %, 2.4 % and 3.7 %, respectively. The inter-assay coefficients of variation for two independent samples, R1 and R2, each assayed in the 
Islet morphology at the ultrastructural level
The splenic part of the pancreas was removed and cut into approximately 1 x i mm pieces, while bathed in 1% glutaraldehyde in natriumcacodylate buffer (100 mmol/1Na-cacodylate, 2 mmol/1 Ca, 80 mmol/1 saccharose, pH 7.2). After further fixation for i h at 4 ~ in 1% glutaraldehyde, the tissue pieces were washed and postfixed with cacodylate-buffered OsO4 (1.5 %) for 2 h. The specimens were washed three times in cacodylate buffer and were stored in this buffer for a maximum of 10 days. After dehydration in graded ethanol dilutions, the tissue was embedded in epoxy resin according to Spurr [23] . All specimens were sectioned semi-thin and screened for islets after staining with toluidine blue. Islet-containing tissue was sectioned ultra-thin at random and was evaluated by the morphologist in a blinded design. For quantitation of possible lytic events the number of Alpha and Beta cells were counted on photo micrographs at a final magnification of 5000 x. Lysis at low-power magnification was defined as opaque cytoplasm without the usual intermediate contrast. Lysis was further confirmed by screening the respective islet cells at higher magnifications for disrupted cytoplasmic membranes.
Statistical analysis
Results are expressed as means • SD. The two-tailed Mann-Whitney rank sum test and the Wilcoxon-Pratt test were used to test differences between sets of unpaired data and paired data, respectively. The Kruskal-Wallis test was used for comparing more than two sets of unpaired data. Fisher's exact test was used in the morphology study. The level of significance chosen was 5 %.
Results
Experiment 1 Effects of rlL-lfl (4 ~tg/kg) on blood glucose and plasma concentrations of insulin, glucagon and corticosterone evaluated2 h after one, three or five injections of rlL-l fl or vehicle.
Two hours after a single injection of rIL-1/3the BG 333 was lower compared to the control group with no concomitant changes in plasma level of insulin and in spite of increased plasma levels of glucagon and corticosterone (Table 1) . After the third injection with cytokine only increases in plasma levels of glucagon and corticosterone were seen, with no changes in BG and insulin concentrations when compared to the control group. In rats pretreated for 4 days with rIL-lfl, only plasma corticosterone was elevated 2 h after the fifth injection of rIL-lfl, with no changes in other parameters ( Table 1) .
Effects of rIL-l fl (4 Bg/kg) on pancreatic weight, pancreatic insulin content, BG and plasma concentrations of insulin, glucagon and corticosterone evaluated 24 h after two or four injections of rIL-l fl or vehicle.
In rats studied 24 h after the second injection of rIL-lfl the BG was significantly elevated, despite increased insulin levels. The plasma concentrations of glucagon and corticosterone were unaffected, as were the pancreatic weight and insulin content (Table 2) . Twenty-four hours after the fourth rIL-lfl injection the pancreatic insulin content was increased despite reduced pancreatic wet and dry weights. No differences were seen in BG, plasma levels of insulin, glucagon or corticosterone ( Table 2) . 
Exp erimen t 2 Blood glucose, and plasma concentrations of insulin, glucagon and corticosterone during an IPGT 2 h after five injections ofrlL-lfl. Before the IPGT BG and plasma levels
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O- . Means + SD. * p < 0.05, ** p < 0.01, *** p < 0.001 of insulin and glucagon were similar, whereas the plasma concentration of corticosterone was higher in the rIL-lfl group than in the control group (Table 2 and Fig. 1 ). During the IPGT the BG was higher in the rIL-lflgroup compared with the pair-fed control group. The BG did not reach baseline level 120 min after injection of glucose as it did in the control group (p < 0.001) (Fig. 1) . Plasma insulin levels increased markedly 30 min after glucose administration in the rIL-lfltreated animals (p < 0.001), returning to the baseline level at 120 min. In the control group, no significant increase in plasma insulin was observed (p = 0.06) (Fig. 1) . The plasma glucagon level increased 120 min after glucose injection in the rIL-lflgroup. No significant changes in plasma glucagon were observed in the control group. The plasma level of corticosterone decreased in the rIL-lfl group (p < 0.001). In the control group the concentration of corticosterone increased from 0 to 30 min, but was similar to the baseline level at 120 min (Fig. 1) . No changes were observed in the total extractable insulin content in the two groups during the IPGT (data not shown).
Experiment 3
The influence of time and different doses of rlL-lfl on blood glucose. Four and 40 ~tg/kg body weight of rIL-lfl induced a significant decrease in BG 2 h after one and three injections (Table 3) . A preprandial increase in BG was obvious 6 h after three rIL-lfl injections, and 4 and 6 h after five injections of cytokine. BG was much higher in all the rIL-lfl treated rats compared with the control rats (p < 0.01) ( Table 3 ). Postprandial BG 10 h after one, three or five injections of rIL-lfl or vehicle was increased in most groups (p < 0.01) ( Table 3 ). Ten hours after three injections of rIL-lfl the BG concentration was higher, irrespective of dose, than in the control groups, and BG was even higher after five injections of rIL-lfl (p < 0.01) ( Table 3 ). Ten hours after the last injection of rIL-lfl on day 5 (4 gg/kg), hyperglycaemia was accompanied by a marked reduction in plasma insulin concentration compared with the pair-fed control group (p<0.0001) (Fig. 2) . Plasma levels of glucagon and corticosterone, respectively, were similar to levels obtained in pair-fed con- Table 3 . The effect of 0.4 (n = 10), 4.0 (n = 12) and 40 (n = 12) gg/kg body weight (BW) of recombinant interleukin-lfl (rIL-lfl) on blood glucose (BG) (mmol/1) before and 2, 4, 6 and 10 h after 1, 3 and 5 injections of the cytokine. Rats treated with vehicle and pair-fed to the rIL-lfl group given 4 gg/kg body weight (n = 8), rats fed ad lib• (n = 8) and rats without treatment (n = 8) were included as control groups A dose-dependent effect of rIL-lfl on body weight reduction and temperature increase was observed (p < 0.02, data not shown). In the groups treated with 0.4, 4.0 or 40 gg/kg body weight of rIL-lfl, the average food intake per 100 g body weight was: 8.5+0.3, 6.3+0.6 and 4.6 + 1.0 g, respectively (p < 0.001). In the pair-fed control group and the control group fed ad libitum the food intake was 6.4 + 1.1 and 9.3 + 0.6 g/100 g body weight, respectively. The body weight and food intake during treatment with the lowest dose of rIL-lfl (0.4 gg/kg body weight) did not differ from the control group fed ad libitum.
Experiment 4
Effects of repeated rlL-l fl injections on the ultrastructure of the pancreas. We randomly selected and evaluated 23 and 17 islets, respectively, in four pancreata of rIL-lfl treated rats and in four pancreata of vehicle-treated rats. No differences were found in the appearance of Beta cells with respect to lysis or granulation. A significant difference was recognized in the per• spaces. The normal narrow peri-capillary space was well-preserved in 83 % of the capillaries in control islets, both in the centre of the islets as well as in the islet periphery (Fig. 3 a,  Table 4 ). In rats treated with rIL-lfl, 43 % of the capillaries demonstrated enlargement of the peri-capillary spaces (p < 0.0001) (Figs.3b and c, Table 4 ). This prominent widening was taken as morphological evidence for oedema formation, and was also found within the intercellular spaces of the Beta cell -Beta-cell contact zones although to a lesser degree (Fig. 3 d) and, in the exocrine tissue to a even lesser degree. In areas of oedema, the Beta-cell plasma membranes demonstrated microvillous processes.
Discussion
The present study demonstrated that diabetic BG-values and low insulin levels were induced by repeated injections of rIL-lfl in normal rats compared to truly pair-fed controls. The time-dependent increase in BG levels and the diabetic state 10 h after the last injection of rIL-lfl suggest that daily injections of rIL-lfl cause a progressive inhibition of insulin release in vivo. Pancreatic insulin content was increased and no ultrastructural signs of Beta-cell damage were seen. These findings in vivo are very similar to the impairment of insulin release combined with increased islet insulin content and unaffected Beta-cell morphology reported for isolated islets within a defined window of the bimodal time-and dose-relationship of the effects of IL-1 on Beta-cell function [24, 25] . The rIL-lfl induced increase in BG in vivo was reversible after three injections of rIL-lfl, i. e. the BG fell from 8-9 mmol/1 10 h after the third injection of rIL-lfl to normal values before the fifth injection on the morning of day 5. More prolonged rIL-lfl treatment or co-administration of other cytokines may be necessary to produce permanent diabetes as a result of Beta-cell damage.
Our findings cannot be explained by reduced food-intake caused by the well-known anorectic effect of IL-1. Firstly, control animals were pair-fed to receive exactly the same amount of food consumed by the rats treated with 4 gg/kg body weight of rlL-lfl, and the body weights were identical in the two groups throughout the study. Secondly, we have previously shown that 5 days of re- Table 4 . Rats were injected at 09.00 hours with 4 gg/kg body weight of recombinant interleukin-lfl (rIL-lfl) or vehicle on each of five consecutive days. Two hours after the last injection the rats were anaesthetized and the pancreas was isolated for ultramorphological studies. All islets capillaries were counted and sorted for the appearence of oedema. The number of collapsed capillaries were also noted.
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No The time-dependent increase in BG levels 6-10 hours after rIL-1/3injection on day 3 and 5 is similar to the observation in vitro that successive "hits" are increasingly devasting for the Beta cells [27] . Thus, inhibition of Beta cells exposed thrice to rIL-1/3 for 24 h in vitro was partly, but decreasingly reversible [27] . Reversibility of rIL-lflinduced increase in BG was evident in the present study by the findings of normal BG values before the fifth injection of rIL-1/3. Extended sampling for BG and insulin during the different 5 days of treatment is needed to disclose the nadir and the recovery period for rIL-1/3 inhibited Betacell function in vivo.
Long-term treatment (weeks) with 10 ~tg/kg body weight of rIL-1/3 accelerates, whereas 0.5 ~tg/kg delays the onset of diabetes in the spontaneously diabetic BB rat [3] . In the NOD mouse long-term treatment with 8 gg/kg body weight of rIL-lCprevents diabetes development [4] , an effect not found in an earlier study using a similar dose of rlL-lo~ [5] . Since IL-1 is a potent immunomodulatory agent, it is possible that the effects of IL-1 on the development of Type i diabetes in the BB rat and the NOD mouse are mediated through effects of IL-1 on the ongoing immune attack on the islets rather than through direct effects of IL-1 on the Beta cells, but this question needs further investigation.
Plasma corticosteroid levels are known to be increased after a single injection of IL-1 [6] . To our knowledge this is the first demonstration of an inverse dose-response relationship between rIL-1/3 dose and plasma level of corticosterone 10 h after five injections of rIL-1/3. This finding may be explained by a time-dependent, bimodal effect of rIL-1/3 on corticosterone release, inhibition preceded by stimulation, analogous to the effect on insulin release in vivo reported herein and the in vitro effects of rIL-1/3 on Beta cells, thyroid cells and Leydig cells [1, 28, 29] .
Enlargement of the pericapillary spaces was the only evident ultrastructural finding in the endocrine pancreas. This may be explained by increased permeability of the endothelial cells [30] induced by circulating rIL-1/3. We L. D. Wogensen et al.: Interleukin-lflmodifies Beta-cell function in normal rats did not look for other markers of activation of endothelial cells e.g. induction of adherence molecules [31] . In areas of oedema formation, Beta cells showed plasma membrane microvillous processes. This observation may be related to reported changes in the cytoskeleton induced by monokines [32, 33] .
We confirmed that bolus injection of rIL-lfl in normal rats causes a moderate decrease in BG [6] [7] [8] [9] 15 ] despite increases in glucagon and corticosterone [6] . We did not find an increase in plasma insulin concentration in parallel with the fall in BG as found in vivo [7, 9, 10, 12] or in vitro [1, 24, 25, 34] . Bolus injection of IL-lfl to normal animals leads to increased glucose-stimulated insulin release ex vivo [35] , and potentiates glucose or arginine stimulation of insulin secretion in vivo [36] . In our study we may have missed a plasma insulin peak after bolus injection of rILlfl due to the sampling intervals in our experimental design. Increased peripheral glucose uptake and utilization may contribute to the reduction in BG [8, 12, 37] .
It has previously been suggested that rIL-1/3 confers insulin resistance in vivo [36] and in vitro [38] . It is likely that increased insulin resistance contributes to the impaired IPGT and the increasing pre-and post-prandial BG after three or five injections of rIL-lfl. A possible shift from increased to decreased glucose uptake or utilization may be explained by the rIL-1/3 induced spikes in corticosterone release, and other IL-1 induced glucoregulatory hormones, leading to increased insulin resistance, or by direct effects of rIL-lfl on peripheral tissue glucose uptake and liver glucose production. Indicative of a shift to a state of decreased insulin sensitivity during the 5-day treatment with IL-1, is the recent demonstration of an improved glucose tolerance after a single injection of rlL-lfl [10] . However, detailed studies of glucose metabolism were not performed.
Evaluation of the effects of prolonged exposure to riLl/3 on pancreas function in vivo is complicated by concomitant rIL-1/3 induced effects on food intake, corticosterone secretion, and on peripheral tissue glucose disposal and production. However, it is demonstrated in the present investigation that functional effects of rIL-1/3 in vivo mimicks the functional effects of the cytokine on isolated islets in vitro, except that Beta-cell cytotoxity was not demonstrated. We conclude that multiple injections of rIL-lflmay be diabetogenic in vivo by a combination of inhibition of Beta-cell function and decreased insulin sensitivity.
